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Abstract 
A flight simulation model is established, which is composed of airflow over mountains model, pilot model and flight dynamics 
model. It is simulated that Boeing 747 aircraft in landing configuration gets through airflow over mountains induced by simple 
and complex terrain. The simulation results indicate that the main flight safety problems in airflow over mountains are angle of 
attack increasing and height losing or severe bumpiness. Pilot needs to pay attention to the change trend of the angle of attack and 
flight height. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Airflow over mountains is a kind of wind shear in mountain area[1]. Its general flow process is airflow, which is 
blocked by mountains, is accelerated on the windward side, and decelerated on the leeward side. Meanwhile, lee 
wave, vortex, downwash are generated on the leeward side. Through the complex airflow, plan will have a severe 
turbulence. As one of Chinese five major aviation port, both Wujiaba airport and Changshui airport in Kunming are 
established in mountainous terrain. It is reported that aircrews often report that aircrafts frequently have a severe 
turbulence in spring near the airport. And it always makes aircrafts hard to manipulate, affecting flight safety[2]. 
However, strong turbulence is usually caused by lee wave and vortex which are generated by wind through 
mountains. It can be done to research pilot manipulating strategy, through simulation and analysis of aircraft 
approaching in airflow over mountains. Therefore, flight safety can be improved. 
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In this paper, the response of aircraft approaching in airflow over mountains is studied with a potential flow 
model of the airflow and a closed-loop aircraft model. 
2. The closed-loop aircraft model in airflow over mountains 
2.1. The model of airflow over mountains 
Many models of airflow over mountains have been established over last three decades[1, 3-7]. The models can be 
divided into three categories, including database models based on measured wind field data, numerical models based 
on atmospheric dynamics and engineering simulation models. The boundary conditions of database models are 
identified. They are difficult to use for studying airflow over different mountainous terrain. However, though 
numerical models can simulate airflow over different mountainous terrain, they usually need lots of parameters 
setting and calculating time. Engineering simulation models are usually easy to change boundary conditions. And its 
calculating time is shorter. Therefore, engineering simulation models are more suited to research effect of airflow 
over mountains on flight safety than the two kinds of models. A kind of engineering model is chosen in this paper. It 
is modeled based on potential flow theory of flow around infinite long cylinder problem. it is easy to simulate 
airflow over simple and complex mountainous terrain[1, 3]. 
Stream function of airflow over simple mountainous terrain can be expressed as[1]: 
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In equation (1) and (2), Uf  is the wind speed which induces airflow over mountains. R  is radius of the cylinder. 
h  is the height of mountain. 
In complex mountainous terrain, three mountains for example, its stream function can be expressed as[3]: 
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In equation (3) and (4), Uf  is the wind speed which induces airflow over mountains. 1R , 2R  and 3R are radius of 
the three cylinders from left to right. A  is the distance between the first and second cylindrical center. B  is the 
distance between the first and third cylindrical center. 1h  is the height of the first mountain, which correspond to 
cylinder 1R . 
Changing the angle between the ridge and flight path in the horizontal plane can form three-dimensional wind 
vector[1, 3]. 
2.2. Flight dynamics equations in wind 
Fixed wing aircraft dynamics equations have different ways of expression in different coordinates. In this paper, 
six degree of freedom equations in body axis system[8] are used. The equations are based on two assumptions: (1) 
ignoring the influence of the Earth’s curvature, (2) ignoring the aircraft quality changing and elastic deformation. 
However, when aircraft gets into airflow over mountains, its airspeed aV , angle of attack D  and side slip angle E will be changed. In the wind, airspeed projection vector baV  in body axis system is[9]: 
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bkL  is the transformation matrix from track coordinates system to body coordinates system. bgL  is the 
transformation matrix from ground coordinates system to body coordinates system. kV  is track speed. 
T[ , , ]W W Wu v w  
is the expression of wind speed in ground coordinates system. Then, aV , D  and E  can be expressed as[9]: 
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Thus, it is possible to revise aerodynamic force and torque in airflow over mountains. 
2.3. Pilot model in approaching 
In the longitudinal motion, the pilot controls flight path and velocity by manipulating the elevator and throttle[9]. 
In short time, flight path is implemented by controlling the angle of pith. The angle of pith is controlled by 
manipulating the elevator. In the other hand, the velocity is controlled by manipulating throttle. In view of the above 
characteristics, the longitudinal pilot model in approaching can be divided into two controlling channels, which are 
elevator manipulating and throttle manipulating. In addition, the channel of elevator manipulating includes inner 
loop controller which controls angle of pith and outer loop controller which controls flight path angle[10]. 
In the lateral-directional motion, the roll angle deviates from the roll angle command when aircraft is disturbed. 
Besides that, the aircraft probably generates sideslip, which makes aircraft deviate from expecting flight path. 
Therefore, the lateral-directional pilot model in approaching can be also divided into two controlling channels. The 
pilot eliminates the error of roll angle by manipulating the aileron, and sideslip angle by manipulating the rudder. 
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Fig. 1. Pilot model in approaching 
Fig 1 shows the structure of pilot model in approaching. The aircraft system is the model established in section 
2.2. ( )pVG s , ( )pG sJ , ( )pG sT , ( )pG sI  and ( )pG sE  are the transfer functions of the pilot model. In this paper, all of 
these transfer functions are based on Mc Ruer model[10]. 
3. Simulation results and analysis 
The recovery manipulation from airflow over mountains is ignored in the simulations, in order to research the 
effect of airflow over mountains on flight safety. Therefore, it is assumed that the pilot model parameters and 
commands are fixed in the simulations. 
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3.1. The effect of airflow over simple mountainous terrain 
Simple mountainous terrain is a kind of terrain that there is only one higher mountain existed in a certain area 
than the other around it. In this kind of terrain, only the higher one affects the airflow much more. The effect of the 
other one can be ignored. 
In this simulation, the parameters of the simple mountainous terrain are h  = 400m, R = 480m. The wind speed 
Uf  is 6m/s. In addition, the angle between the ridge and flight path in horizontal plane is 30q . The example aircraft 
is Boeing 747 in landing configuration. The flight mission is approaching at J  = 3 q  since 800m height. The 
change of atmospheric density with height was ignored in the simulation. Some simulation results are shown in the 
Fig 2. 
 
(a) wind velocity      (b) airspeed. 
 
(c) angle of attack     (d) track angle 
 
(e) normal overload     (f) height 
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(g) elevator     (h) throttle 
Fig. 2. the effect of airflow over simple mountainous terrain on flight safety 
Airflow over mountains is a kind of complex flow phenomenon, generated by air through the mountains. Before 
the aircraft get into the complex airflow area, it was affected by constant airflow first. Its angle of attack and flight 
path deviated from the reference value. Fig 2 (a), (c) and (f) show in the area gX  = 0 ~ 1700m, the flight path was 
downward, because of insufficient lift, by the effect of Wu . In the area gX  = 1700 ~ 4000m, the aircraft maintained 
stable approaching at the track angle of 3 q . Except the parameter of height, the other parameters were basically 
constant. 
After the aircraft get into the complex airflow area, where gX  was 4000 ~ 9000m, its flight path was upward 
because of updraft on the windward side (Fig 2 (a) and (f)). Fig 2 (a) shows the wind velocity is accelerated from 
6m/s to 12.5m/s by a 400m high isolated mountain. The amplification is 108%. After the aircraft crossed over the 
ridge, updraft rapidly converted into downdraft. With maximum downdraft of 3.5m/s, the flight path was downward 
seriously and rapidly. The lowest point of the flight path appeared at gX  = 6708m, where the location was 708m 
after the ridge, as compared with the expected flight path. The height of the aircraft was 375.8m, which was lower 
67.3m than the expected height. The loss of height reached 15.2%. Meanwhile, the aircraft’s normal overload only 
appeared a shock, but the amplitude was large, reached 0.9 ~ 1.5 (Fig 2 (e)). It was large influence on ride quality. In 
addition, angle of attack appeared irregular and rapid change with the effect of lee wave (Fig 2 (d)). In order to 
increase flight height, the pilot pulled the control stick so that the elevator deflected upward (Fig 2 (g)). It made the 
angle of attack increase significantly. After the aircraft through the complex airflow over mountains area, it restored 
to stable approaching. 
Based on the above analysis, when the aircraft gets through airflow over simple mountainous terrain, the pilot 
needs to pay special attention to the trend of angle of attack and maintain flight height in order to ensure flight safety. 
3.2. The effect of airflow over complex mountainous terrain 
Complex terrain refers to more than one mountain with similar height in an area. In this terrain, the air flow is 
obstructed by the similar high mountains, resulting in more complex flow phenomenon than airflow over simple 
mountainous terrain. Its influence on flight safety is different, too. 
In this simulation, the complex mountainous terrain is composed of three mountains. From left to right, the 
parameters of the complex mountainous terrain are h  = 400m, 1R  = 550m, 2R  = 400m, 3R  = 250m. The wind 
velocity Uf  is 8m/s. In addition, the angle between the ridge and flight path in horizontal plane is 30q . The example 
aircraft is Boeing 747 in landing configuration. The flight mission is approaching at 3 q  since 900m height. The 
change of atmospheric density with height was ignored in the simulation. Some simulation results are shown in the 
Fig 3. 
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(a) wind velocity      (b) airspeed. 
 
(c) angle of attack     (d) track angle 
 
(e) normal overload     (f) height 
 
(g) elevator     (h) throttle 
Fig. 3. the effect of airflow over complex mountainous terrain on flight safety 
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Before the aircraft get into the complex airflow area, it affected by steady airflow first, too. The flight path was 
downward with short-time negative overload, because of insufficient lift. Meanwhile, the pilot controlled the aircraft 
to increase the angle of attack. When   reached 3000m, the aircraft restored stable approaching at 3 q  track angle. 
After the aircraft get into the complex airflow area, where gX  was 3000 ~ 15000m, its flight path was upward by 
updraft first, then downward by downdraft rapidly on the leeward side of the first mountain. Compared with the 
simulation in section 3.1, both the height of the mountain are 400m. But the maximal speed of downdraft was 2.6m/s 
in complex terrain, which was induced by tailwind of 8m/s. And it was 3.5m/s in simple terrain, which was induced 
by tailwind of 6m/s. This is because that in complex terrain, the airflow was blocked by the second mountain so that 
downdraft was slowed down. The change process of track angle can illustrate this conclusion. The maximal track 
angle, after the first mountain, was 5.5 q  in complex terrain, but it was 7.03 q  in simple terrain (Fig 3 (d)). 
Though the subsidence of flight path decreased in complex terrain, the airflow over complex mountainous terrain 
was accelerated and decelerated repeatedly with ascending and descending repeatedly. It made the flight path 
oscillate (Fig 3 (d) and (f)). The more complex the mountainous terrain is, the more intense the oscillation is. 
Because of the flight path oscillation, the pilot manipulated the elevator and throttle constantly in order to recover 
expected flight path (Fig 3 (g) and (h)). The manipulating feeling of the pilot was hard to control the aircraft. This is 
consistent with the reports that pilots report aircrafts are hard to control in the monsoon season when climbing and 
approaching at Kunming airport. In addition, the aircraft’s normal overload appeared severe oscillation. Ride quality 
deteriorated (Fig 3 (e)). And the angle of attack was always maintained at a lager value, threaten flight safety. 
Based on the above analysis, when the aircraft gets though airflow over complex mountainous terrain, the pilot 
needs to pay special attention to the trend of angle of attack and control flight path. 
4. Conclusions 
(1) The main influence of airflow over simple mountainous terrain in approaching is height losing and angle of 
attack increasing rapidly. The higher the mountain is, the more seriously the flight path is downward and the greater 
the angle of attack is increased. The faster the wind speed which induces airflow over mountains is, the more 
seriously the flight path is downward and the greater the angle of attack is increased. 
(2) The main influence of airflow over complex mountainous terrain in approaching is flight path oscillation 
repeatedly, which makes the aircraft hard to control. The bumpiness time depends on the size of mountainous area. 
The bigger the mountainous area is, the longer the bumpiness time is. And the intensity of bumpiness depends on the 
wind velocity which induces the airflow over mountains. 
(3) When aircraft gets through airflow over mountains, pilot should pay attention to the trend of angle of attack 
increasing and control flight path. 
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